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PROTECTION AGAINST STATE
TRANSITION ERRORS IN SOLID-STATE
DATA STORAGE SYSTEMS

RELATED APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/929,080, filed on Oct. 30, 2015,
entitled DATA RETENTION CHARGE LOSS AND READ
DISTURB COMPENSATION IN SOLID-STATE DATA
STORAGE SYSTEMS, the disclosure of which is hereby
incorporated by reference in its entirety.

BACKGROUND

[0002] Field

[0003] This disclosure relates to data storage systems.
More particularly, the disclosure relates to systems and
methods for programming and reading data in solid-state
memory devices.

[0004] Description of Related Art

[0005] Certain solid-state memory devices, such as flash
drives, store information in an array of memory cells con-
structed with floating gate transistors. Integrity of solid-state
memory cells can be affected by various factors. How data
is programmed and read can have an effect on whether
programmed data can be successfully interpreted when
read-back at a later time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Various embodiments are depicted in the accom-
panying drawings for illustrative purposes, and should in no
way be interpreted as limiting the scope of this disclosure.
In addition, various features of different disclosed embodi-
ments can be combined to form additional embodiments,
which are part of this disclosure.

[0007] FIG. 1 is a block diagram of a data storage system
including a non-volatile memory array according to an
embodiment.

[0008] FIG.2 is a graph showing a probability distribution
of cells in a non-volatile memory array according to one or
more embodiments.

[0009] FIG. 3 is a graph showing state-to-state transition
errors in a solid-state memory device due to data retention
charge loss according to one or more embodiments.

[0010] FIG. 4 is a graph showing a probability distribution
of cells showing adjusted target programming voltage(s)
and/or read threshold level(s) according to one or more
embodiments.

[0011] FIG. 5 is a flow diagram illustrating a process for
implementing data retention compensation programming
according to one or more embodiments.

[0012] FIG. 6 is a graph showing state-to-state transition
errors in a solid-state memory device due to read disturb
according to one or more embodiments.

[0013] FIG. 7 is a graph showing a probability distribution
of cells showing adjusted target programming voltage(s)
and/or read threshold level(s) according to one or more
embodiments.

[0014] FIG. 8 is a flow diagram illustrating a process for
implementing read disturb compensation programming
according to one or more embodiments.
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[0015] FIG. 9 is a graph showing a probability distribution
of cells showing adjusted target programming voltage(s)
and/or read threshold level(s) according to one or more
embodiments.

[0016] FIG. 10 is a flow diagram illustrating a process for
implementing data retention and read disturb compensation
programming according to one or more embodiments.

DETAILED DESCRIPTION

[0017] While certain embodiments are described, these
embodiments are presented by way of example only, and are
not intended to limit the scope of protection. Indeed, the
novel methods and systems described herein may be embod-
ied in a variety of other forms. Furthermore, various omis-
sions, substitutions and changes in the form of the methods
and systems described herein may be made without depart-
ing from the scope of protection.

[0018] The headings provided herein are for convenience
only and do not necessarily affect the scope or meaning of
the claims. Disclosed herein are example configurations and
embodiments relating to data retention charge loss and read
disturb compensation in solid-state memory.

[0019] As used in this application, “solid-state memory,”
“non-volatile solid-state memory,” “non-volatile memory,”
“NVM,” or variations thereof may refer to solid-state
memory such as NAND flash. However, the systems and
methods of this disclosure may also be useful in more
conventional hard drives and hybrid drives (or any data
storage devices) including both solid-state and hard drive
components. Solid-state memory may comprise a wide
variety of technologies, such as flash integrated circuits,
Phase Change Memory (PC-RAM or PRAM), Program-
mable Metallization Cell Random Access Memory (RAM)
(PMC-RAM or PMCm), Ovonic Unified Memory (OUM),
Resistance RAM (RRAM), NAND memory, NOR memory,
EEPROM, Ferroelectric RAM (FeRAM), Magnetoresistive
RAM (MRAM), or other discrete NVM (non-volatile solid-
state memory) chips. The non-volatile solid-state memory
arrays or storage devices may be physically divided into
planes, blocks, pages, and sectors, as is known in the art.
Other forms of storage (e.g., battery backed-up volatile
DRAM or SRAM devices, magnetic disk drives, etc.) may
additionally or alternatively be used.

Overview

[0020] The present disclosure provides systems and meth-
ods for encoding data for programming in data storage
devices and/or solid-state memory devices, and further for
decoding such data. Although certain embodiments are
disclosed herein in the context of NAND flash memory
devices/systems, it should be understood that the principles
disclosed herein may be applicable in connection with any
type of solid-state memory, whether volatile or non-volatile.
[0021] NAND flash memories, and other non-volatile
solid-state memory devices, are widely used in solid-state
data storage devices. In certain solid-state memory devices/
systems, the ability to correctly decode data written to
solid-state memory cells may be adversely affected by
retention-related charge loss and/or read disturb charge gain.
For example, in prolonged storage applications, lack of data
retention can lead to decoding failure. Furthermore, in
relatively high-read utilization use cases, read disturb may
lead to decoding failures. “Data retention,” as used herein,
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may be understood according to its broad and/ordinary
meaning and may refer to the ability to recover data pro-
grammed in solid-state memory after a period of time. “Data
retention period” may be used to refer to the period of time
itself over which data may be stored in solid-state memory.
“Retention related effects” may be used to refer to the loss
or migration of charge in a programmed cell due to the
passing of time, temperature, and/or other factors.

[0022] Data retention is a measure of how long a solid-
state memory cell can hold voltage, and therefor maintain its
programmed state. Data loss due to charge loss may occur
when a memory cell is programmed and subsequently
inactive for a prolonged period of time, particularly at
elevated temperature. Such charge loss may generally be
attributable to the dielectric associated with the solid-state
memory cell being inherently leaky and at least somewhat
prone to allowing electrons to escape the charge trap of the
cell. Data retention charge loss may occur increasingly as
the programming target voltage increases.

[0023] Data retention characteristics, along with endur-
ance characteristics, may represent significant specification
metrics for certain solid-state memory products. With regard
to endurance, solid-state storage devices generally have
limited endurance, which may be characterized by a number
of terabytes (TB) per year of write data, which may be
specified as a warranty condition by the device manufac-
turer. Because endurance and data retention may generally
be considered to have a substantially inverse relationship,
heavily-cycled blocks may have relatively shorter retention
compared to similar lightly-cycled blocks. As a solid-state
memory device is cycled, it may lose its data retention
capabilities, thereby resulting in data loss. Based on the
inverse relationship between data retention and endurance,
where gains in data retention performance can be achieved,
such gains may be substituted at least in part for improved
endurance in certain situations.

[0024] Various mechanisms may be implemented to
improve data retention characteristics. For example, reduc-
ing program/erase (P/E) cycles on blocks, increasing relax-
ation periods between cycles, as well as other mechanisms.
However, implementation of such mechanisms may result in
lower device performance.

[0025] Generally, read disturb errors may be due at least in
part to charge gain, wherein charge is added to cells during
a read of the cell itself or neighboring cell(s), thereby
causing the cell charge level to migrate from one voltage
level/state to the next higher voltage state. The cells with the
lowest voltage level(s) may tend to gain charge faster than
cells at higher voltage levels due at least in part to the
relatively lower voltage across the dielectric of such cells.
Because of this, cells in the lowest voltage state (e.g., an
‘erase,” or ‘E,” state) may be impacted the most by read
disturb. As an example, data stored in data centers can be
particularly prone to experiencing read disturb and/or data
retention charge migration or loss due to the “write-once-
read-many” nature of the data in certain data center appli-
cations.

[0026] As used herein, multi-level cell (MLC) program-
ming refers to any programming scheme where cells are
encoded with two or more levels of programming (each cell
representing two bits or more). Although two-bit or two-
level MLC examples will be used throughout this disclosure,
the various embodiments described and shown are appli-
cable to any MLC scheme of any number of levels. Certain
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embodiments disclosed herein provide for systems and
methods for improving read disturb and/or data retention
performance in solid-state memory devices through the use
of variable program voltage target level(s) and/or read
threshold level(s). For example, with respect to two-bit or
two-level MLC programming, by moving program voltage
targets up for A, B and/or C states (described in greater detail
below), improved read disturb performance may be
achieved using an increased A read voltage threshold in
certain implementations. Furthermore, in certain implemen-
tations, by moving program targets down for A and B states,
improved data retention performance may be achieved using
adecreased C read voltage threshold. Additionally, in certain
implementations, both improved read disturb performance
and improved data retention performance may be achieved
by moving the program target up for the A state and down
for the B state and using an increased A read voltage
threshold and a decreased C read voltage threshold.

Data Storage System/Device

[0027] FIG. 1 illustrates a system 100 including a host
system 110 and a data storage device 120 that implements
data retention charge loss compensation and/or read disturb
compensation programming/reading according to one or
more embodiments disclosed herein. As is shown, the data
storage device 120 (e.g., solid-state hybrid drive, solid-state
drive, etc.) includes a controller 130 and a non-volatile
memory array (e.g., solid-state storage) 140. The non-
volatile memory array 140 may include a plurality of chips,
or dies, each comprising one or more blocks of storage. Each
block may comprise a plurality of flash pages (F-pages).
[0028] In certain embodiments, the data storage device
120 may be a solid-state hybrid disk drive including a
magnetic storage module 160, which may comprise mag-
netic media 164 (e.g., one or more magnetic disks). The data
storage device 120 may be in a card-based form factor such
as a PCle or NVMe type storage device. The solid-state
storage 140 may comprise any desirable type of solid-state
memory.

[0029] The controller 130 can be configured to receive
data and/or storage access commands from a storage inter-
face module 112 (e.g., a device driver) of the host system
110. Storage access commands communicated by the stor-
age interface module 112 can include write data and read
data commands issued by the host system 110. Read and
write commands can specify a logical address (e.g., logical
block addresses, or “LLBAs”) used to access the data storage
device 120. The controller 130 can execute the received
commands in the solid-state storage 140 and/or magnetic
storage device 160. To facilitate storage of host data, the
controller 130 can implement a logical interface. The logical
interface can present to the host system 110 data storage
system memory as a set of logical addresses (e.g., contigu-
ous address) where user data can be stored. Internally, the
controller 130 may map logical addresses to various physi-
cal locations or addresses in the solid-state storage 140
and/or other storage modules.

[0030] The programming module 132 of the controller 130
may implement a desirable programming scheme suitable
for the solid-state storage 140. In certain embodiments, the
programming module 132 and/or solid-state storage 140
may be configured to implement an MLC programming
scheme in which cells of solid-state memory are pro-
grammed to store a charge level representative of two or
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more bits of data. Such a programming scheme is described
below with reference to FIG. 2. In certain embodiments, the
programming module 132 may be configured to implement
data retention compensation programming and/or read dis-
turb compensation programming, as described herein. The
controller 130 further includes a decoding module 133,
which may implement a decoding scheme that corresponds
to the programming scheme implemented by the program-
ming module 132. In certain embodiments, the decoding
module 133 may be configured to implement data retention
compensation decoding and/or read disturb compensation
decoding, as described herein. While FIG. 1 depicts a
generic controller 130 within a storage device, in one or
more embodiments, some or all of the described compo-
nents/functionalities of the controller 130 may be imple-
mented as part of a storage device level controller (e.g., a
SSD controller), a memory level controller (e.g., a NAND
controller), or a combination of both.

[0031] FIG. 2 shows an example two-level (two-bit) ML.C
solid-state memory programming scheme comprising four
programming states: an erased state (E), and three pro-
grammed states (A, B, C), wherein each state represents two
bits of data. Although two-level (two-bit) MLC program-
ming is described herein in connection with certain embodi-
ments, it should be understood that the principles disclosed
herein may be applicable in other programming schemes,
such as triple-level cell (TLC), or other programming
scheme. With further reference to FIG. 2, in certain embodi-
ments, the programming states each comprise a most-sig-
nificant bit, referred to as the “upper page,” and a least-
significant bit, referred to as the “lower page.” While
particular coding values are assigned to the various states of
the distribution (e.g., ‘11° for E, ‘01° for A, ‘00’ for B, and
‘10 for C), other coding schemes may also be used within
the scope of the present disclosure.

[0032] In decoding memory cells, one or more reference
voltage levels, referred to herein as “voltage read levels,” or
“read threshold levels,” may be used to read the cells to
determine what charge state the cells belong to. FIG. 2
illustrates three voltage read levels, R,, Rz and R.. In
certain embodiments, lower page values may be determined
based on a read at Ry, while upper page values may be
obtained by reading at Rz, and subsequently at R, and/or
R
[0033] As shown in FIG. 2, in certain solid-state storage
systems, data programming levels may be substantially
evenly distributed, such that margins between the various
voltage states are substantially equal. However, even sepa-
ration of voltage states may result in undesirable numbers of
cells crossing over read thresholds resulting in bit errors due
to data retention charge loss and/or read disturb. Therefore,
certain embodiments disclosed herein provide a method to
adjust both program voltage targets (e.g., T, Tz, T,) and
read voltage thresholds in order to favor read disturb per-
formance, data retention performance, or both.

Data Retention Charge Loss Compensation

[0034] Over a data retention time period, charge loss in
solid-state memory cells can cause the states of a voltage
distribution to widen and overlap voltage read levels. Gen-
erally, the higher a cell’s programmed voltage, the greater
the data retention charge loss experienced by the cell.
Therefore, in a typical two-level or two-bit MLL.C program-
ming scheme, the C state corresponds to the highest voltage
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state and is therefore the most susceptible to data retention
charge loss and inadvertent transitions to the next lower
voltage state (i.e., C-to-B state transition). FIG. 3 is a graph
showing state-to-state transition errors in a solid-state
memory device according to one or more embodiments. The
graph of FIG. 3 shows a relative sum of bit-flip errors for the
various state-to-state transitions across an embodiment of a
data storage device. FIG. 3 shows that, in certain embodi-
ments, a substantial portion of bit-flip errors may be caused
by C-to-B state transitions, and to a lesser extent by B-to-A
transitions. Specifically, in certain embodiments, the C state
distribution may move the most to the left and also widen the
most to the left among the voltage states during a data
retention period. However, if the margin on the low side of
the C state is increased, the voltage loss required to push
cells across the state transition threshold may be increased,
thereby potentially reducing the occurrences of bit errors
from data retention charge loss.

[0035] As shown in FIG. 3, the B state, as the next highest
voltage state, may be the next most susceptible to poor data
retention and inadvertent transitions to the next lower volt-
age state (i.e., B-to-A state transition). Therefore, if the
margin on the low side of the B state is increased, the voltage
loss required to push cells across the state transition thresh-
old to the A state may be increased, thereby potentially
reducing the occurrences of B-to-A bit errors from data
retention charge loss. FIG. 3 also shows that the level of
bit-flip errors due to other transitions is much lower, and thus
those states may benefit less from increased margins.

[0036] FIG. 4 shows an embodiment of a voltage distri-
bution having certain shifted programming target voltage
levels and/or read threshold levels to increase the margins
below one or more upper voltage states. Similarly to FIG. 2,
the diagram of FIG. 4 illustrates an example two-level
(two-bit) MLC programming scheme comprising four states,
namely an erased state, E, and three programming states A,
B and C. The distribution of FIG. 4 shows programming
states corresponding to adjusted target programming levels
for one or more of the programming states, as well as
adjusted voltage read threshold levels for decoding one or
more of the states. The various dashed lines in FIG. 4
illustrate the substantially even separation of voltage states
shown in FIG. 2 and described above, whereas the solid lines
of the diagram represent adjusted target programming levels
and/or read threshold levels according to one or more
embodiments of a data retention compensation program-
ming mode/scheme, as described herein. In order to favor
data retention performance, the distribution 400 provides for
moving the A-state program voltage target T, and B-state
program voltage target T (possibly to a lesser extent) down
in voltage in order to provide more B (M z) and C (M)
state low side margin.

[0037] Increasing the margin between, for example,
higher-end voltage states may be implemented to compen-
sate for charge loss resulting from data retention. As shown,
in the example of FIG. 4, the second-highest voltage state
(B) may be programmed using a target voltage Ty that is
lower than a default target voltage by an amount D, which
is shown in the diagram. By lowering the target voltage T
by some amount, the margin M. between states B and C
may be increased. Because the highest number of voltage
state transitions may typically occur from state C to state B,
the increase in margin between such states may improve data
reliability in the presence of potential data retention charge
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loss. That is, with a larger margin between states B and C,
fewer cells may potentially migrate over a read threshold
level R, positioned between the B and C states. In certain
embodiments, the read threshold level R . corresponding to
the margin between states B and C may likewise be lowered
by some amount D, . in order to position the read threshold
level R substantially evenly between states B and C within
the increased margin Mg, or alternatively R, may be
positioned in the region left of center in the margin M. in
order to further reduce occurrences of C-to-B transition
errors. In certain embodiments, R . may be positioned such
that the portion of the margin Mg on the low-side of R
remains at a default range, while the added margin from
adjusting the program target voltage Tz is added to the
high-side of R~ in the margin M. In certain embodiments,
the target voltage T, used program state C, or the highest
voltage state, may be substantially the same as is imple-
mented in a default programming mode (i.e., no adjustment
for data retention compensation). In certain embodiments,
only one of read threshold level(s) or program target voltage
level(s) is shifted, while the other is not.

[0038] In certain embodiments, one or more additional
voltage states may be adjusted downward to protect against
bit errors caused by data retention charge loss. For example,
a target programming voltage T, used to program the
third-highest voltage state (e.g., state A) may be lowered
relative to the evenly-separated distribution of FIG. 2. For
example, the target programming voltage T, may be
adjusted by an amount D, lower (i.e., to the left in the
diagram of FIG. 4), which may increase a margin M
between the second-highest voltage state (B) and the third-
highest voltage state (A). The voltage read level R used to
distinguish between states A and B may also be adjusted to
the left to position the voltage read level Ry substantially
evenly between states A and B, or alternatively R; may be
positioned in the region left of center in the margin M in
order to further reduce occurrences of B-to-A transition
errors. In certain embodiments, Rz may be positioned such
that the portion of the margin M on the low-side of Ry
remains at a default range, while the added margin from
adjusting the program target voltage T, and/or T is added
to the high-side of Ry in the margin M ;. In certain
embodiments, the margin M,z between the A and B states
may represents a larger margin than would be present in an
evenly-distributed voltage distribution, as shown in FIG. 2.

[0039] In certain embodiments, the first voltage state (e.g.,
E state) may represent an erased state, and therefore may not
be associated generally with a target programming voltage.
However, in certain embodiments, a read threshold level R,
used for distinguishing between the E and A states may also
be adjusted in the data retention compensation mode. That
is, because the adjustment of the target programming voltage
T, for state A to a lower value may result in a reduced
margin M, between the E and A states, adjustment of the
voltage read threshold level R , between the E and A states
may be necessary in order to position the read threshold
level R , substantially evenly between the E and A states. The
read threshold level R ; may be adjusted by an amount Dy,
to the left with respect to the distribution illustrated in FIG.
4. In certain embodiments, R, may be positioned in the
region left of center in the margin M, in order to further
reduce occurrences of A-to-E transition errors.

[0040] FIG. 5 illustrates a process 500 for implementing
data retention compensation according to one or more
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embodiments disclosed herein. The process 500 may
involve, at block 502, receiving data to be written to
non-volatile solid-state memory. At block 504, it may be
determined whether or not a data retention compensation
mode/scheme is to be implemented in connection with
programming of the data received. If not, the process 500
may proceed to block 510, where the data may be pro-
grammed to the non-volatile solid-state memory according
to one or more default target voltage levels, such as voltage
levels similar to those illustrated in FIG. 2 and described
above. The process 500 may further involve reading/decod-
ing the data programmed at block 512 using default read
voltage threshold levels according to a default decoding
scheme.

[0041] If the determination block 504 is that a data reten-
tion compensation mode/scheme is to be implemented in
connection with programming of the received data, the
process proceeds to block 506, where the data may be
programmed to the non-volatile solid-state memory using
one or more lower/adjusted target voltage levels. For
example, in certain embodiments, at least a second-highest
voltage state (e.g., B state) is programmed using an adjusted
target voltage level, such as a target level that has been
lowered by some amount relative to the default target
voltage level. In addition, in certain embodiments, the data
retention compensation programming scheme implemented
at block 506 may involve programming data to a third-
highest voltage state (e.g., A state) using an adjusted/lower
target voltage level. In certain embodiments, the adjustment
of the second-highest voltage state (e.g., B state) is greater
than the adjustment of the third-highest voltage state (e.g., A
state) in order to create a greater margin between the highest
and second-highest voltage states than may be present
between the second-highest voltage state and the third-
highest voltage state. In certain embodiments, the adjust-
ment of the second-highest voltage state (e.g., B state) is
greater than the adjustment of the third-highest voltage state
(e.g., A state), resulting in a greater margin between the
highest and second-highest states than between the second-
highest and third-highest states.

[0042] At block 508, the process 500 involves reading the
programmed data using a lower adjusted read threshold level
for the second-highest voltage state (e.g., B state) and a
lower adjusted read threshold level for the third-highest
voltage state (e.g., A state).

[0043] The process 500 may further result in a reduced
margin between the erased state and the next highest voltage
state (e.g., A state). Therefore, although a reduced margin
between the E and A states may be present with respect to
data programmed according to the data retention compen-
sation scheme illustrated in FIG. 5, an increased margin
between the highest and second-highest voltage states may
be present, which may provide protection against state
transitions due to data retention charge loss.

[0044] In certain embodiments, a command to enable
and/or disable the use of the data retention charge loss
compensation scheme may be implemented as part of a host
interface command protocol associated with a data storage
device containing the solid-state memory device (e.g.,
NAND flash). For example, when the host is aware that
prolonged data retention period is likely with respect to
certain data, the host may trigger, in the data storage device,
the sequence to program/read the data using the adjusted
target voltage level(s) and/or read threshold level(s).
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[0045] In certain embodiments, when a solid-state storage
device exceeds a threshold number of writes, the device may
be triggered to begin writing/reading using the data retention
charge loss compensation scheme described herein. For
example, the endurance specification of the device may
dictate a maximum number of writes per year; the trigger
threshold for the device may be based on such number. In
certain embodiments, a number of available blocks in a free
pool from which needed blocks are provisioned may also
serve as a basis for triggering adjusted target programming
voltages and/or read threshold levels. For example, when the
free pool is empty, the solid-state storage device could begin
using the data retention charge loss compensation scheme.
[0046] In certain embodiments, the use of the data reten-
tion charge loss compensation scheme may be used by the
data storage device to program data into non-volatile solid-
state memory on the last cycle before the memory enters a
long data retention period when data is not expected to be
overwritten, or in connection with graceful power-down of
the memory. The storage device (e.g., device firmware) may
detect the last P/E cycle and program the data to the
solid-state memory using the adjusted target programming
level(s) on the last program operation for each page.

Read Disturb Compensation

[0047] Read disturb may occur when a solid-state memory
cell is read. For example, the select voltage applied to read
the cell may have a slight charging effect on the cell. After
many read operations, the charge stored in the cell may
therefore be elevated due to the read operations such that the
cell transitions to the next higher voltage state. For example,
read disturb may result in undesired E-to-A state transitions.
This effect may be particularly pronounced when the starting
state of the cell is the erase state (E), which generally is the
lowest voltage state. If a greater margin is provided on the
high side of the E state, the voltage gain required to push the
cell across the read threshold transition may be increased,
thereby at least partially reducing the probability of produc-
ing an unwanted state change.

[0048] FIG. 6 is a graph showing state-to-state transition
errors in a solid-state memory device according to one or
more embodiments. The graph of FIG. 6 shows a relative
sum of bit-flip errors for the various state-to-state transitions
across an embodiment of a data storage device. As is
demonstrated in FIG. 6, in an example two-bit MLC pro-
gramming scheme, the E-to-A state transition may represent
the most prevalent bit-flip error caused by read disturb. This
may be due at least in part to the relatively lower voltage
present on such cells. In certain embodiments, E-to-A tran-
sition errors may constitute a majority or plurality of bit-flip
errors with respect to read disturb charge gain, followed
possibly by A-to-B errors.

[0049] In order to favor read disturb performance, certain
embodiments disclosed herein provide a method for moving
the A, B and/or C program voltage targets up in voltage in
order to provide more E state high-side margin (i.e., margin
between the E and A states). FIG. 7 is a graph showing a
probability distribution of cells showing adjusted target
programming voltage(s) and/or read threshold level(s)
according to one or more embodiments. Because, as
described above, the greatest occurrence of state transitions
due to read disturb charge gain may involve cells program
to a erased state (E) migrating across a voltage read level
boundary positioned between the erased and next highest
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voltage state, it may be desirable to increase the margin
between the E state and the next highest voltage state (e.g.,
A state). Therefore, in certain embodiments, one or more
voltage states may be adjusted to a higher voltage target
levels in order to increase the margin between the E and A
states for the purpose of implementing read disturb com-
pensation programming according to one or more embodi-
ments disclosed herein.

[0050] The distribution 700 provides an example distri-
bution associated with read disturb compensation as
described herein. The distribution 700 shows solid-line
voltage states, which correspond to a read disturb compen-
sation programming/reading scheme, as well as dashed-line
voltage states and read threshold levels, which may corre-
spond to a default programming/reading scheme providing
substantially-evenly separated voltage states, such as is
shown in FIG. 2 and described above. The distribution 700
may include an adjusted A state, which is programmed using
a target programming voltage T, that is adjusted with
respect to a default programming voltage associated with the
a state by an amount D, that is higher than the default target
voltage. Such adjustment may increase the margin My,
between the E and A states, possibly substantially. In certain
embodiments, the distribution 700 comprises a margin M,
between the E and A state that is greater than the margins
between the A and B states and/or the B and C states. In
order to reduce the occurrences of transitions of cells across
the read threshold boundary between the E and A states, the
read threshold level used to distinguish between the E and A
states may be adjusted to a higher level (i.e., to the right in
the illustration of FIG. 5). For example, the read threshold
level R, may be adjusted by an amount Dy, relative to a
default read threshold level. In certain embodiments, R,
may be positioned in the region right of center in the margin
M, in order to further reduce occurrences of E-to-A tran-
sition errors. For example, R, may be positioned such that
the portion of the margin M, on the high-side of R,
remains at a default range, while the added margin from
adjusting the program target voltage T, is added to the
low-side of R, in the margin M.

[0051] In certain embodiments, one or more additional
voltage states may be adjusted upward to provide read
disturb compensation. For example, the third-highest volt-
age level (B) may be programmed using a target voltage T,
that is greater by an amount D than a default target voltage
level associated with the B state. Furthermore, in order to
account for the adjustment of the B and/or A states to the
right, the read threshold level Rz used to distinguish between
the A and B states may likewise need to be adjusted by some
amount Dy to the right in order to be positioned substan-
tially evenly between the A and B states within the margin
M, 5 between the states; alternatively, Rz may be positioned
in the region right of center in the margin M, in order to
further reduce occurrences of A-to-B transition errors. In
certain embodiments, Rz may be positioned such that the
portion of the margin M, 5 on the high-side of R; remains at
a default range, while the added margin from adjusting the
program target voltage(s) T, and/or Tz is added to the
low-side of Ry in the margin M_z. In certain embodiments,
the program voltage target levels for the A, B and C states
may be adjusted up together in order to increase the E state
high-side margin. In certain embodiments, only read thresh-
old level(s) are adjusted to achieve E state high-side margin.
For example, the read threshold level between the E and A
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states, R ,, may be adjusted to the right, while the program-
ming target voltage level T, may remain at a default posi-
tion.

[0052] As a result of the adjustment of the A and/or B
states to the right, the distribution 700 may be associated
with a read threshold level R between the B and C states
that is likewise adjusted by some amount Dy to the right in
order to position the read threshold level R substantially
evenly between the B and C states with in the margin M.
that separates such states; alternatively, R. may be posi-
tioned in the region right of center in the margin Mz in
order to further reduce occurrences of B-to-C transition
errors. In certain embodiments, R may be positioned such
that the portion of the margin My on the high-side of R
remains at a default range, while the added margin from
adjusting the program target voltages T, and/or T is added
to the low-side of R in the margin Mg In certain embodi-
ments, neither the lowest voltage state nor the highest
voltage state is substantially adjusted or modified with
respect to the associated default programming scheme.
[0053] FIG. 8 is a flow diagram illustrating a read disturb
compensation programming mode according to one or more
embodiments. The process 800 may involve, at block 802,
receiving data to be written to non-volatile solid-state
memory. A block 804, it may be determined whether or not
a read disturb compensation mode/scheme is to be imple-
mented in connection with programming of the data
received. If not, the process 800 may proceed to block 810,
where the data may be programmed to the non-volatile
solid-state memory according to one or more default target
voltage levels, such as voltage levels similar to those illus-
trated in FIG. 2 and described above. The process 800 may
further involve reading/decoding the data programmed at
block 812 using default read voltage threshold levels accord-
ing to a default decoding scheme.

[0054] If the determination block 804 is that a read disturb
compensation mode/scheme is to be implemented in con-
nection with programming of the received data, the process
proceeds to block 806, where the data may be programmed
to the non-volatile solid-state memory using one or more
higher/adjusted target voltage levels. For example, in certain
embodiments, at least a second-lowest voltage state is pro-
grammed using an adjusted target voltage level, such as a
target level that has been raised by some amount relative to
the default target voltage level. What about read threshold
adj.

[0055] In addition, in certain embodiments, the read dis-
turb compensation programming scheme implemented at
block 806 may involve programming data to a third-lowest
voltage state (e.g., B state) using an adjusted/higher target
voltage level. In certain embodiments, the adjustment of the
second-lowest voltage state (e.g., A state) is greater than the
adjustment of the third-lowest voltage state (e.g., B state) in
order to create a greater margin between the lowest (e.g., E
state) and second-lowest voltage (e.g., A state) states than
may be present between the second-lowest voltage state
(e.g., A state) and the third-lowest voltage state (e.g., B
state). In certain embodiments, the adjustment of the third-
lowest voltage state (e.g., B state) is greater than the
adjustment of the second-lowest voltage state (e.g., A state),
though a greater margin may still result between the lowest
and second-lowest states than between the second-lowest
and third-lowest states (see, e.g., FIG. 7). In certain embodi-
ments, the amount D, of adjustment of the programming
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target voltage for the second-lowest voltage state (e.g., A
state) and the amount D, of the adjustment of the program-
ming target voltage of the third-lowest voltage state (e.g., B
state) are approximately the same.

[0056] The process 800 may further result in a reduced
margin between the highest voltage state (e.g., C state) and
the next lowest voltage state (e.g., B state). Therefore,
although a reduced margin between the C and B states may
be present with respect to data programmed according to the
read disturb compensation scheme illustrated in FIG. 8, an
increased margin between the lowest (e.g., E state) and
second-lowest voltage (e.g., A state) states may be present,
which may provide protection against state transitions due to
read disturb.

[0057] In certain embodiments, a command to enable
and/or disable the use of the read disturb compensation
scheme may be implemented as part of a host interface
command protocol associated with the solid-state memory
device (e.g., NAND flash). For example, when the host is
aware that repetitive reads are likely with respect to certain
data, the host may trigger, in the data storage device, the
sequence to program/read the data using the adjusted target
voltage level(s) and/or read threshold level(s).

[0058] In certain embodiments, when a solid-state storage
device exceeds a threshold number of writes, the device may
be triggered to begin writing/reading using the read disturb
compensation scheme described herein. For example, the
endurance specification of the device may dictate a maxi-
mum number of writes per year; the trigger threshold for the
device may be based on such number. In certain embodi-
ments, a number of available blocks in a free pool from
which needed blocks are provisioned may also serve as a
basis for triggering adjusted target programming voltages
and/or read threshold levels. For example, when the free
pool is empty, the solid-state storage device could begin
using the read disturb compensation scheme.

Combined Data Retention and Read Disturb Compensation

[0059] Ifboth read disturb and data retention performance
are desired to be improved, both the margin on the high side
of the E state and the margin on the low side of the C state
may be increased in order to gain benefits associated with
both compensation schemes described above. For example,
in order to favor both read disturb performance and data
retention performance, certain embodiments disclosed
herein provide a method for moving the A program voltage
target up in voltage in order to provide more E state
high-side margin (i.e., margin between the E and A states),
wherein the B program voltage target level is further
adjusted down in voltage in order to provide more C state
low-side margin (i.e., margin between the B and C states).
[0060] FIG. 9 is a graph showing a probability distribution
of cells showing adjusted target programming voltage(s)
and/or read threshold level(s) according to one or more
embodiments. FIG. 9 illustrates a distribution 900 that
includes relatively increased margins between the lowest
and second-lowest voltage states, as well as between the
highest and second-highest voltage states. For example, with
respect to an example two-level (two-bit) MLC program-
ming scheme, the distribution 900 may include increased
margins between the E and A states, as well as between the
B and C states. With increased read margins between the E
and A states and the C and B states, the distribution 900 may
provide protection against both read disturb errors resulting
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from transitions of program cells from the E state to the A
state, as well as errors resulting from charge loss causing
transition from the C state to the B state. As a trade-off, the
margin M, between the A and B states, or one or more
additional intermediate margins of the distribution 900, may
be reduced with respect to a default programming scheme in
which voltage states are substantially evenly separated.
[0061] To implement the data retention and read disturb
compensation scheme illustrated in FIG. 9, the distribution
may include a second-highest distribution state programmed
using a target voltage that is less than a default target voltage
generally associated with such state. For example, as illus-
trated, the adjusted target level Tz may be higher than the
default target level by an amount D, wherein the various
dashed lines of the illustration represent default voltage
states and/or read threshold levels. The read threshold level
R used to distinguish between the C and B states may
likewise be adjusted to the left in order to position the read
threshold level R substantially evenly between the C and B
states within the enlarged margin M.

[0062] The distribution 900 further provides an enlarged
margin M, between the lowest voltage state and the sec-
ond-lowest voltage state relative to the default voltage
distribution scheme comprising substantially evenly sepa-
rated programming states. In order to achieve the larger
margin M, between the E and A states, the target voltage
level T, used to program the A state when in the data
retention and read disturb compensation programming mode
may be adjusted (i.e., to the right with respect to the diagram
FIG. 9), to thereby increase the distance between the lowest
voltage state and the second-lowest voltage state. The read
threshold level R, used to distinguish between the lowest
voltage state and the second-lowest voltage state may like-
wise be adjusted by an amount D, upward in order to
position the read level R, substantially evenly between the
two states within the margin My, or to the right-of-center
in the margin My ,. The target voltage T, may be adjusted
upward by an amount D, as illustrated in the diagram in
FIG. 9.

[0063] With increased margins between the lowest and
second lowest voltage states and between the highest and
second-highest voltage states, the distribution 900 may
result in reduced margins between intermediate voltage
states (e.g., between states A and B) in embodiments in
which the erased state and/or highest voltage states are not
substantially adjusted with respect to target voltage levels.
For example, the margin M,z between states A and B in the
distribution 900 may be smaller than the margin between
states A and B for a default evenly-separated distribution. In
certain embodiments, the read threshold level(s) between the
intermediate states may not need to be adjusted. For
example, with respect to a four-state programming scheme,
with substantially equal adjustment to the margin between
states E and A states and the margin between states B and C,
the read threshold level R, may remain substantially evenly
positioned between states A and B without adjustment. In
embodiments in which either of the margins M, M. is
greater than the other, it may be necessary or desirable to
adjust the voltage read level Ry between the A and B states
to compensate for the disproportionate margins between the
E and A states and the B and C states.

[0064] FIG. 10 is a flow diagram illustrating a data reten-
tion and read disturb compensation programming process
according to one or more embodiments. The process 1000
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may involve, at block 1002, receiving data to be written to
non-volatile solid-state memory. At block 1004, it may be
determined whether or not a data retention and read disturb
compensation mode/scheme is to be implemented in con-
nection with programming of the data received. If not, the
process 1000 may proceed to block 1010, where the data
may be programmed to the non-volatile solid-state memory
according to one or more default target voltage levels, such
as voltage levels similar to those illustrated in FIG. 2 and
described above. The process 1000 may further involve
reading/decoding the data programmed at block 1012 using
default read voltage threshold levels according to a default
decoding scheme.

[0065] If the determination block 1004 is that a data
retention and read disturb compensation mode/scheme is to
be implemented in connection with programming of the
received data, the process proceeds to block 1006, where the
data may be programmed to the non-volatile solid-state
memory using one or more adjusted target voltage levels.
For example, in certain embodiments, at least a second-
lowest voltage state (e.g., A state) is programmed using an
adjusted target voltage level, such as a target level that has
been raised by some amount relative to the default target
voltage level, and a second-highest voltage state (e.g., B
state) is programmed using an adjusted target voltage level
that has been lowered by some amount relative to the default
target voltage level. The process proceeds to block 1008
where data is read back using adjusted voltage thresholds.
[0066] The process 1000 may further result in a reduced
margin between the second highest voltage state (e.g., B
state) and the next lowest voltage state (e.g., A state).
Therefore, although a reduced margin between the A and B
states may be present with respect to data programmed
according to the data retention and read disturb compensa-
tion scheme illustrated in FIG. 10, an increased margin
between the lowest and second-lowest voltage states and
between the highest and second-highest voltage states may
be present, which may provide protection against state
transitions due to data retention charge loss and read disturb.
[0067] In certain embodiments, a command to enable
and/or disable the use of the data retention and read disturb
compensation scheme may be implemented as part of a host
interface command protocol associated with the solid-state
memory device (e.g., NAND flash). For example, when the
host is aware that repetitive reads are likely with respect to
certain data, the host may trigger, in the data storage device,
the sequence to program/read the data using the adjusted
target voltage level(s) and/or read threshold level(s).

Additional Embodiments

[0068] Those skilled in the art will appreciate that in some
embodiments, other types of solid-state encoding/decoding
systems can be implemented while remaining within the
scope of the present disclosure. In addition, the actual steps
taken in the processes discussed herein may differ from
those described or shown in the figures. Depending on the
embodiment, certain of the steps described above may be
removed, and/or others may be added.

[0069] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of protection.
Indeed, the novel methods and systems described herein
may be embodied in a variety of other forms. Furthermore,
various omissions, substitutions and changes in the form of
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the methods and systems described herein may be made. The
accompanying claims and their equivalents are intended to
cover such forms or modifications as would fall within the
scope and spirit of the protection. For example, the various
components illustrated in the figures may be implemented as
software and/or firmware on a processor, application-spe-
cific integrated circuit (ASIC), field-programmable gate
array (FPGA), or dedicated hardware. Also, the features and
attributes of the specific embodiments disclosed above may
be combined in different ways to form additional embodi-
ments, all of which fall within the scope of the present
disclosure. Although the present disclosure provides certain
preferred embodiments and applications, other embodi-
ments that are apparent to those of ordinary skill in the art,
including embodiments which do not provide all of the
features and advantages set forth herein, are also within the
scope of this disclosure. Accordingly, the scope of the
present disclosure is intended to be defined only by refer-
ence to the appended claims.
[0070] All of the processes described above may be
embodied in, and fully automated via, software code mod-
ules executed by one or more general purpose or special
purpose computers or processors. The code modules may be
stored on any type of computer-readable medium or other
computer storage device or collection of storage devices.
Some or all of the methods may alternatively be embodied
in specialized computer hardware.
What is claimed is:
1. A data storage device comprising:
a solid-state non-volatile memory including memory
cells; and
a controller configured to:
determine that a data retention compensation mode is
set; and
in response to said determination that the data retention
compensation mode is set, implement a data reten-
tion compensation programming scheme at least in
part by:
programming a first subset of the memory cells to a
first voltage state associated with a first target
voltage;
programming a second subset of the memory cells to
a second voltage state associated with a second
target voltage higher than the first target voltage;
programming a third subset of the memory cells to a
third voltage state associated with a third target
voltage higher than the second target voltage; and
programming a fourth subset of the memory cells to
a fourth voltage state associated with a fourth
target voltage higher than the third target voltage;
wherein a difference in voltage between the fourth target
voltage and the third target voltage is greater than at
least one of:
a difference in voltage between the third target voltage
and the second target voltage; and
a difference in voltage between the second target volt-
age and the first target voltage.
2. The data storage device of claim 1, wherein the
controller is further configured to:
determine that the data retention compensation mode is
not set; and
in response to said determination that the data retention
compensation mode is not set, implement a default
programming scheme at least in part by:

Jul. 6, 2017

programming a fifth subset of the memory cells to a
fifth voltage state associated with a fifth target volt-
age;

programming a sixth subset of the memory cells to a
sixth voltage state associated with a sixth target
voltage higher than the fifth target voltage;

programming a seventh subset of the memory cells to
a seventh voltage state associated with a seventh
target voltage higher than the sixth target voltage;
and

programming an eighth subset of the memory cells to
an eighth voltage state associated with an eighth
target voltage higher than the seventh target voltage;

wherein a difference in voltage between the eighth target

voltage and the seventh target voltage is equal to at
least one of:

a difference in voltage between the seventh target
voltage and the sixth target voltage; and

a difference in voltage between the sixth target voltage
and the fifth target voltage.

3. The data storage device of claim 1, wherein said
programming the first, second, third and fourth subsets
reduces occurrences of cells of the fourth subset of the
memory cells from migrating from the fourth voltage state
to the third voltage state during a data retention period.

4. The data storage device of claim 1, wherein the first
voltage state corresponds to an erase state, wherein said
programming the first subset of the memory cells comprises
maintaining the first subset of the memory cells in the erase
state.

5. The data storage device of claim 1, wherein:

the difference in voltage between the fourth target voltage

and the third target voltage is greater than the difference

in voltage between the third target voltage and the
second target voltage; and

the difference in voltage between the third target voltage

and the second target voltage is greater than the dif-

ference in voltage between the second target voltage
and the first target voltage.

6. The data storage device of claim 1, wherein the
controller is further configured to:

decode one or more of the second subset of the memory

cells using a first voltage read level between the first

target voltage and the second target voltage;

decode one or more of the third subset of the memory

cells using a second voltage read level between the

second target voltage and the third target voltage; and

decode one or more of the fourth subset of the memory
cells using a third voltage read level between the third
target voltage and the fourth target voltage;

wherein a difference in voltage between the third voltage

read level and the second voltage read level is greater

than a difference in voltage between the second voltage
read level and the first voltage read level.

7. A data storage device comprising:

a solid-state non-volatile memory including memory

cells; and

a controller configured to:

determine that a read disturb compensation mode is set;
and

in response to said determination that the read disturb
compensation mode is set, implement a read disturb
compensation programming scheme at least in part
by:
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programming a first subset of the memory cells to a
first voltage state associated with a first target
voltage;

programming a second subset of the memory cells to
a second voltage state associated with a second
target voltage higher than the first target voltage;

programming a third subset of the memory cells to a
third voltage state associated with a third target
voltage higher than the second target voltage; and

programming a fourth subset of the memory cells to
a fourth voltage state associated with a fourth
target voltage higher than the third target voltage;

wherein a difference in voltage between the first target
voltage and the second target voltage is greater than at
least one of:
a difference in voltage between the second target volt-
age and the third target voltage; and
a difference in voltage between the third target voltage
and the fourth target voltage.

8. The data storage device of claim 7, wherein the
controller is further configured to:

determine that the read disturb compensation mode is not

set; and

in response to said determination that the read disturb

compensation mode is not set, implement a default

programming scheme at least in part by:

programming a fifth subset of the memory cells to a
fifth voltage state associated with a fifth target volt-
age;

programming a sixth subset of the memory cells to a
sixth voltage state associated with a sixth target
voltage higher than the fifth target voltage;

programming a seventh subset of the memory cells to

a seventh voltage state associated with a seventh

target voltage higher than the sixth target voltage;

and

programming an eighth subset of the memory cells to
an eighth voltage state associated with an eighth
target voltage higher than the seventh target voltage;

wherein a difference in voltage between the fifth target

voltage and the sixth target voltage is equal to at least

one of:

a difference in voltage between the sixth target voltage
and the seventh target voltage; and

a difference in voltage between the seventh target
voltage and the eighth target voltage.

9. The data storage device of claim 7, wherein said
programming the first, second, third and fourth subsets
reduces occurrences of cells of the first subset of the memory
cells from migrating from the first voltage state to the second
voltage state in response to read disturb charge gain.

10. The data storage device of claim 7, wherein:

the difference in voltage between the first target voltage

and the second target voltage is greater than the dif-
ference in voltage between the second target voltage
and the third target voltage; and

the difference in voltage between the second target volt-

age and the third target voltage is greater than the
difference in voltage between the third target voltage
and the fourth target voltage.

11. The data storage device of claim 7, wherein the
controller is further configured to:
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decode one or more of the second subset of the memory
cells associated with a first voltage read level between
the first target voltage and the second target voltage;

decode one or more of the third subset of the memory
cells associated with a second voltage read level
between the second target voltage and the third target
voltage; and
decode one or more of the fourth subset of the memory
cells associated with a third voltage read level between
the third target voltage and the fourth target voltage;

wherein a difference in voltage between the first voltage
read level and the second voltage read level is greater
than a difference in voltage between the second voltage
read level and the third voltage read level.

12. The data storage device of claim 7, wherein the
difference in voltage between the first target voltage and the
second target voltage and the difference in voltage between
the third target voltage and the fourth target voltage are both
greater than a difference in voltage between the second
target voltage and the third target voltage.

13. A method of programming data in a solid-state non-
volatile memory, the method comprising:

programming a first subset of memory cells of a solid-

state non-volatile memory to a first voltage state asso-
ciated with a first target voltage;
programming a second subset of the memory cells to a
second voltage state associated with a second target
voltage higher than the first target voltage;

programming a third subset of the memory cells to a third
voltage state associated with a third target voltage
higher than the second target voltage; and
programming a fourth subset of the memory cells to a
fourth voltage state associated with a fourth target
voltage higher than the third target voltage; and

wherein a difference in voltage between the first target
voltage and the second target voltage is greater than a
distance in voltage between the second target voltage
and the third target voltage.

14. The method of claim 13, wherein a difference in
voltage between the third target voltage and the fourth target
voltage is greater than the distance between the second target
voltage and the third target voltage.

15. A data storage device comprising:

a solid-state non-volatile memory including memory

cells; and

means for executing a first programming scheme in the

solid-state non-volatile memory by at least:
programming a first subset of the memory cells to a first
voltage state associated with a first target voltage;
programming a second subset of the memory cells to a
second voltage state associated with a second target
voltage higher than the first target voltage;
programming a third subset of the memory cells to a
third voltage state associated with a third target
voltage higher than the second target voltage; and
programming a fourth subset of the memory cells to a
fourth voltage state associated with a fourth target
voltage higher than the third target voltage;
wherein a difference in voltage between the fourth target
voltage and the third target voltage is greater than at
least one of:
a difference in voltage between the third target voltage
and the second target voltage; and
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a difference in voltage between the second target volt-
age and the first target voltage.
16. The data storage device of claim 15, further compris-
ing means for executing a second programming scheme in
the solid-state non-volatile memory by at least:
programming a fifth subset of the memory cells to a fifth
voltage state associated with a fifth target voltage;

programming a sixth subset of the memory cells to a sixth
voltage state associated with a sixth target voltage
higher than the fifth target voltage;

programming a seventh subset of the memory cells to a

seventh voltage state associated with a seventh target
voltage higher than the sixth target voltage; and
programming an eighth subset of the memory cells to an
eighth voltage state associated with an eighth target
voltage higher than the seventh target voltage;
wherein a difference in voltage between the eighth target
voltage and the seventh target voltage is not greater
than either of:
a difference in voltage between the seventh target
voltage and the sixth target voltage; and
a difference in voltage between the sixth target voltage
and the fifth target voltage.

17. The data storage device of claim 16, wherein the
difference in voltage between the second target voltage and
the first target voltage is greater than the difference in
voltage between the third target voltage and the second
target voltage.

18. The data storage device of claim 16, wherein the first
voltage state corresponds to an erase state, wherein said

Jul. 6, 2017

programming the first subset of the memory cells comprises
maintaining the first subset of the memory cells in the erase
state.
19. The data storage device of claim 16, wherein:
the difference in voltage between the fourth target voltage
and the third target voltage is greater than the difference
in voltage between the third target voltage and the
second target voltage; and
the difference in voltage between the third target voltage
and the second target voltage is greater than the dif-
ference in voltage between the second target voltage
and the first target voltage.
20. The data storage device of claim 16, further compris-
ing means for:
decoding one or more of the second subset of the memory
cells using a first voltage read level between the first
target voltage and the second target voltage;
decoding one or more of the third subset of the memory
cells using a second voltage read level between the
second target voltage and the third target voltage; and
decoding one or more of the fourth subset of the memory
cells using a third voltage read level between the third
target voltage and the fourth target voltage;
wherein a difference in voltage between the third voltage
read level and the second voltage read level is greater
than a difference in voltage between the second voltage
read level and the first voltage read level.

#* #* #* #* #*



